Unlike laboratory animals, people are rarely exposed to a single hazardous chemical. However, most of the information documenting adverse human health effects from environmental and occupational contaminants has come from studies focused on exposure to single chemicals, and there is little information available on how two or more contaminants affect humans. Most information on the effects of mixtures comes from animal systems and limited investigations of isolated human cells in culture, even though the study of mixtures in such systems has also been neglected. Two or more compounds may show additive, antagonistic, or synergistic interactions or may act on totally different systems and thus not interact. Furthermore, even a single chemical may have multiple effects and affect more than one organ system. Effects may vary with age, and metabolites may have totally different actions from the parent compound. This paper will review the variety of health effects in humans that may result from environmental contaminants and discuss how such contaminants may interact with each other. We will also present examples on how different contaminants interact from toxicologic studies of polychlorinated biphenyls performed as part of our Albany, New York, Superfund Basic Research Program project.
Human exposure to environmental contaminants is omnipresent. It does not occur only in individuals who live next to hazardous waste sites or just the disadvantaged and poor who live in inner cities or third-world countries. Everyone carries a burden of lead in his or her bones, mercury in their hair, and dioxins and polychlorinated biphenyls (PCBs) in their body fat. Environmental contamination is a global issue, and contaminants in one country often are transported to others via air, water, foodstuffs, manufactured products, and travelers. Environmental contaminants may be natural substances such as metals or radioactive materials, or they may be manufactured products that are useful to humans but still have toxic effects. Contaminants may be manufactured or they may be unintentional by-products of human activity, as in the case of combustion or incineration products or the generation of chloroform as a result of chlorination of drinking water. Many contaminants are mixtures of related chemicals such as polycyclic aromatic hydrocarbons (PAHs), crude and refined petroleum products, and polychlorinated aromatics; in some of these cases even the individual components have not been examined for toxicity.
As documentation of the widespread degree of contamination, especially in developed countries, Figure 1 shows a chromatogram of urine extracted from wet diapers of two infant boys 1 year of age. The peaks in the chromatogram are identified single PCB congeners and the dichlorodiphenyltrichloroethane metabolite dichlorodiphenyldichloroethylene. One infant (upper trace) was breast fed, while the other (lower trace) was not. The analyses were conducted to determine whether the breast-fed infant had more PCBs and pesticides in his urine than the non-breast-fed infant, as breast milk reflects the composition of lipophilic substances present in a mother's body fat. What is important is that these chromatograms show that both infants at 1 year of age already had significant evidence of exposure to a large number of chemicals even though their dietary intake at this age was limited. These substances are lipophilic and are retained in body fat. What is excreted in urine is only a small reflection of total exposure and body burden. The question of importance for the health of these boys is not simply what chemical X does to their development and health, but rather what the impact is of all of these chemicals acting together.
Health Effects ofMixtur
Some of the major broad categories of human diseases that are suspected to result from exposure to environmental contaminants are cancer, birth defects, immune system defects, reduced intelligence quotient (IQ), behavioral abnormalities, decreased fertility, altered sex hormone balance, altered metabolism, and specific organ dysfunctions (2) . Almost every organ system may be affected by one or more substances commonly found in our environment. The diseases listed are abstracted from many studies of both humans and animals, and in most cases these investigations were focused on a single contaminant. Some of these diseases, when expressed in a given individual, are difficult to ascribe with certainty to a particular exposure (3) . This is true for cancer, birth defects, and many of the endocrine disruptor and nervous system actions. But others, such as the specific organ system dysfunctions seen with kidney disease following lead exposure (4) Environmental Health Perspectives * Vol 106, Supplement 6 * December 1998 Th2 lymphocytes, which produce different cytokines (9) . It has recently been demonstrated that environmental contaminants such as lead and mercury can alter the balance between the Thl and Th2 lymphocytes (10) and there is speculation that contaminant exposure early in life may cause permanent or at least prolonged abnormalities in immune function.
The immune system is also intertwined with the other hormonal systems and the nervous system. Children exposed prenatally to DES show an altered immune function (6) . There is also extensive interaction between the nervous and immune systems, even to the point of a common use of messengers. Although neurotransmitters and cytokines have traditionally been considered specific to only one system or the other, we now know that both are used at both sites (11) .
Sex Steroids and the Nervous System
Estrogen has direct effects on neurons, such that estrogen alters synthesis of some transmitters (12) , can alter neuronal structure (13, 14) , influences memory function (15, 16) , can trigger taste aversions (17) , and can alter neuronal ionic currents (18) . Furthermore, estrogens protect neurons against glutamate excitotoxicity (19) .
Environmental Contaminants and the Nenrous System
The nervous system is a frequent target of toxic action. A number of organic and inorganic compounds will cause abnormalities of peripheral sensory or motor nerves, resulting either in loss of sensation, abnormal sensation, or muscle weakness (20) . Since the studies of Needleman and colleagues in 1979 (21), it has been accepted that lead at remarkably low concentrations can cause a decrement in IQ and also behavioral problems in children exposed prenatally and in the early postnatal years. More recent studies have suggested that these actions are irreversible (22) . The exact mechanisms for these nervous system actions are not known. Evidence from several laboratories suggests that PCBs have similar effects; prenatal exposure has resulted in decrements in cognitive function and behavior (23, 24) that appear irreversible (25) .
Polychioinated Biphenyls as Chemical Mixue
Polychlorinated biphenyls are interesting compounds for illustration of the multiple effects of both individual chemicals and mixtures; throughout the rest of this paper, examples of results of PCB research from our group in Albany, New York, will be interposed. There are 209 possible PCBs and 75 dioxins, depending on the number and position of the chlorines on the base biphenyl or dioxin rings. PCBs were made as commercial mixtures with varying degrees of chlorination. Although their manufacture and use in the United States ceased in 1977 when they were recognized to be persistent both in the environment and in the body, they continued until recently to be manufactured and used in many countries of the world. Although they are persistent, they are altered by both physical and biologic processes because they are vulnerable to both anaerobic and aerobic biodegradation (26) (27) (28) and metabolism within the body (29) . In most cases these various forms of metabolism alter the numbers and positions of the chlorines and do not totally degrade the PCB. Therefore, the number of different chemical compounds that can affect human and animal health is not limited to the approximately 150 congeners that were commercially produced.
Historically, PCBs have been considered weak dioxins. Indeed, some PCB congeners (those that can assume a coplanar configuration having chlorine atoms only in the meta and para positions to the biphenyl bridge) are weak activators of the aryl hydrocarbon (Ah) receptor, which is known to mediate many of the effects of 2,3,7,8 tetrachlorodibenzo-p-dioxin (2, 3, 7, , the most toxic polychlorinated dioxin congener (30) . On the basis of this assumption, some have concluded that the PCBs that cannot assume a coplanar configuration are nontoxic (31) , but this has now been proven incorrect. Results from our laboratories and those of a number of other researchers (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (32) showed that congeners with two or more ortho chlorines inhibit the enzyme tyrosine hydroxylase, which is the rate-limiting enzyme for the synthesis of the neurotransmitter dopamine. Kodavanti et al. (33) and Carpenter et al. (34) showed that orthosubstituted, but not coplanar, congeners kill cerebellar granule cells by a mechanism that probably involves disruption of calcium homeostasis. Finally, Niemi et al. (35) demonstrated that both ortho and coplanar congeners are capable of blocking the process of long-term potentiation (LTP), an electrophysiologic measure in the brain that is thought to be correlated with cognitive function (43) .
In addition to the direct effects of estrogens on neurons discussed above, other endocrine systems are important to nervous system function. One such system is the thyroid. The thyroid controls the rate of metabolism and is essential to organ development as well as daily function. Congenital hypothyroidism, even if treated after birth, results in a syndrome of minimal brain dysfunction (44) . One end of the structure of the thyroid hormone shows some steric features similar to PCBs and dioxins and their hydroxylated metabolites. These substances interfere with normal thyroid function in a variety of ways, as outlined in Figure 3 (47) , also showed about 50% reduction in LTP as compared to control slices (no 244). When slices prepared from animals exposed to PTU were acutely incubated in the PCB congener, there was no LTP whatsoever (left, 244 (40) . They demonstrated that a number of coplanar congeners increased both CYPlAI and CYP1Bi mRNAs but ortho-substituted congeners did not. They then investigated estradiol metabolism by measuring levels of 2-and 4-methoxyestradiol, produced through the action of catechol-0-methyl transferase after estradiol is hydroxylated, by gas chromatography/mass spectrometry in the media of exposed cells. Although for some of the congeners there was a good correlation between the mRNA levels and the degree of estrogen metabolism, for others (especially 3,3',4,4',5,5'-hexachlorobiphenyl [HxCB] and 3,3',4,4',5-pentachlorobiphenyl [PeCB]), metabolism was much less than otherwise expected. This difference reflected a direct inhibition of the P450, which they showed by demonstrating that both of these congeners block the elevation of estradiol metabolism induced by 2,3,7,8-TCDD and by direct determination of inhibition of cDNA-expressed human CYPIBI by 3,3',4,4',5,5'-HxCB in 3,3',4,4',5-PeCB. Thus these two congeners have opposing actions in this pathway-inducing mRNA for synthesis of an enzyme that they then directly inhibit.
Several other important conclusions come from this investigation. Previous studies of toxic equivalent factors (TEFs) of PCB congeners relative to 2,3,7,8-TCDD have been conducted primarily using rodents or rodent-derived cell lines. The values obtained from human cells are quite different, and the highest TEF is about an order of magnitude less than that derived from rodent studies. However, the different human cell lines also behave somewhat differently depending on which P450s they express. Thus the problem of extrapolation from animals to humans is complex. Also, the most potent PCB congener in stimulating estradiol metabolism in this study is 3,4,4',5-tetrachlorobiphenyl (TeCB), an environmentally relevant congener that has not been previously identified as having high Ah receptor binding affinity nor assigned a TEF value (62) .
Although most of the antiestrogenic actions of PCBs can be explained by effects on estrogen metabolism, there is also the clear possibility of action at estrogen receptors. Furthermore, the effects of PCB metabolites may be different from that of the parent compound. For example, Pang and co-workers (40) found that 3,4,5-TrCB was a potent inducer of CYPlAl and CYPIBI mRNA and a promoter of estrogen metabolism by both 2-and 4-hydroxylation. However, this compound is metabolized to a 4-biphenylol (Figure 7 ). Gierthy and colleagues (39, 63) use the MCF-7 cell focus assay to identify estrogenic and antiestrogenic properties of xenobiotics; results with this parent compound and its metabolite are shown in Figure 8 . In this assay, 3,4',5-TrCB is antiestrogenic, probably as a result of induced metabolism of estradiol. However, the 4-hydroxy metabolite, 3,4',5-TrCB-4-OH, has no antiestrogenic activity but shows clear estrogenic activity. Thus a parent compound and a metabolite may have diametrically opposite actions. Figure 9 shows evidence that these processes occur in whole animals and again emphasizes how the different organ systems are interconnected. Compound 3,3',4,4'-TeCB is a coplanar congener that is antiestrogenic (37, 38) . This congener has no effect on tyrosine hydroxylase activity (32 Dose, mg/kg/day Figure 9 . Dopamine concentrations in rat frontal cortex of animals exposed perinatally to various concentrations of 3,4,3',4'-or 2,4,2',4' tetrachlorobiphenyl, as described by Seegal et al. (41) . Note that although the ortho-substituted 2,4,2',4'-TeCB resulted in a significant reduction in brain dopamine levels, the coplanar 3,4,3',4'-TeCB caused a significant increase in dopamine levels. The former result is thought to be due to direct inhibition of the rate-limiting enzyme for dopamine synthesis (tyrosine hydroxylase), whereas the latter effect is a result of the activity of the hydroxylated degradation product, which is estrogenic.
*p< 0.05, **p< 0.01, ***p 0.01. (67) . Table 1 shows results from the study by Arnold mixtures were not more potent, indicating that no synergy occurred. Of the pesticides studied, only endosulfan was weakly estrogenic and the combination with dieldrin was not synergistic.
The most important question with regard to weak environmental estrogens is whether they interact with endogenous estradiol. This is an important question not only for women of reproductive age, who have high and fluctuating estrogen levels, but especially for children, postmenopausal women, and men, whose estrogen levels are low. Figure 10 illustrates the typical fluctuations of estradiol concentration during the ovulatory cycle. Figure 11 shows Log molarity of E2 -8 Figure 11 . The estrogenic effects of three concentrations of 2,4,6-trichloro-4'-biphenylol alone and together with dose-response curves of E2 in the MCF-7 cell focus assay, as described by Arcaro et al. (42) . The data show no synergistic effect when the biphenylol at various concentrations was added together with E2. 
